We have studied spin orbit torque in heavy metal (HM)/ferromagnetic metal (FM) bilayers using magnetooptical Kerr effect. A double modulation technique is developed to separate signals from spin orbit torque and Joule heating. At a current density of ∼ 1 × 10 10 A/m 2 , we observe optical signals that scale linearly and quadratically with the current density, both in similar magnitude. The spin orbit torque estimated using this technique is consistent with that evaluated using spin transport measurements. We find that changes in the refractive index of the film with temperature is the main source of the heating induced signal.
Generation of spin current via the spin Hall effect [1] in heavy metals (HM) and spin accumulation by the RashbaEdelstein[2] effect at interfaces are attracting great interest owing to their potential application toward magnetic random access memory technologies. The spin current and/or spin accumulation can diffuse into adjacent magnetic layer(s) to exert spin orbit torque [3] [4] [5] on magnetic moments and allow current induced control of magnetization. Advances in the understanding of the mechanism of how spin orbit torque arise at interfaces has been made owing to measurement techniques developed based on electrical [6] [7] [8] [9] [10] or optical measurements [11, 12] . The accuracy of the torque evaluated using different techniques, however, seems to differ depending on the system studied and its improvement remains as a subject to be addressed [13, 14] .
Recent experiments have demonstrated that it is possible to optically detect spin accumulation at sample edges or surfaces generated by the spin Hall effect in semiconductors [15] and metals [16] [17] [18] [19] . Direct measurements of the spin accumulation allows straightforward characterization of the efficiency of spin current generation in various materials. However, it has been pointed out that the optical signal used to study spin accumulation can be contaminated by current induced heating (Joule heating) effects [20, 21] . To resolve signals originating from current induced spin accumulation, one needs to reduce the current density to minimize Joule heating effects and simultaneously improve the signal to noise ratio of the optical detection setup [18] .
Here we show that it is possible to separate magnetic and heating induced signals in optical measurements. In model systems consisting of HM/ferromagnetic metal (FM) bilayer, we study spin orbit torque using a double modulation magneto-optical detection technique. We find signals that scale linearly and quadratically with the current density. The former is due to current induced changes of the magnetization, which reflects the size of spin orbit torque. The estimated torque is in relatively good agreement with transport measurements of the same sample. The signal that scales quadratically with the current density is larger than the signal associated with the spin orbit torque even at a current density of ∼ 1×10 10 A/m 2 . We find that it is the changes in the refractive index of * hayashi@phys.s.u-tokyo.ac.jp Note that the voltage shown here is amplified so that it can be monitored with an oscilloscope.
the film (and/or the silicon oxide layer of the substrate) with temperature that causes the spurious heating induced signal. The detection scheme developed here may be applied to detect current induced spin accumulation at surfaces and interfaces using larger current density, providing easier access to study such effects. Samples are grown on thermally oxidized silicon substrates using RF magnetron sputtering. The experimental setup and the coordinate axis are schematically illustrated in Fig. 1 . The film normal points along the z axis and the current is passed along the y axis. Positive current is defined as current flow to +y. Magnetooptical Kerr effect is used to probe the magnetization direction of the films. A continuous wave (CW) He-Ne laser (wave-length: 633 nm, power: 0.5 mW) is used as the light source. The light is polarized along the x axis and is irradiated to the sample (at the center of the wire) from the film normal. The reflected light from the sample goes through a photo elastic modulator (PEM) and a polarization filter before entering a silicon avalanche photo detector. The modulation frequency p of the PEM is ∼ 50 kHz.
As the incident light is polarized along the x axis, we express its polarization as E IN = E 0 (1e x +0e y ), with e i representing an unit vector along the i direction and E 0 is the intensity of the light. The polarization of the reflected light that enters the silicon photodetector takes the following form:
whereĤ K represents the magneto-optical Kerr effect of the sample [13] ,Ĥ P45 andĤ PEM are the operations of the polarization filter and the PEM placed after the light is reflected from the sample. The matrix form of these operations arê
r K represents the reflectivity, θ and η are the Kerr rotation angle and the ellipticity of the sample. δ is a phase delay at the PEM. The light intensity (I PD = |E PD | 2 ) that arrives at the silicon photodetector is
According to Eq. (5), I PD oscillates with frequency p. We Fourier expand I PD in series of the PEM frequency p:
The first three components (n = 0, 1, 2) are expressed as
J n (x) is the Bessel function of the first kind. The PEM phase delay δ is set to ∼ 2.4 rad to obtain J 0 (δ) ∼ 0, which results in
With θ ≪ 1 and η ≪ 1, we obtainĨ 1 ∼ 2ηJ 1 (δ) and
The light is converted to electrical voltage at the photo detector: the conversion process is linear. The output voltage from the photo detector is fed into a lock-in amplifier to pick up the two frequency componentsĨ 1 and I 2 . The DC component I 0 is measured with a digital multimeter. A representative trace of the voltage that enters the lock-in amplifier, which shows the modulation by PEM, is shown in Fig. 1(b) , lower panel. From the Fourier transform of the data, the Kerr rotation angle and the ellipticity are obtained by the following identities:
with J 1 (δ) ∼ 0.52 and J 2 (δ) ∼ 0.43 for δ ∼ 2.4 rad. θ and η reflect the magnetic state of the sample. Since both quantities θ and η provide the same information, from hereafter we focus on η which is larger in magnitude than θ here (the relative size of θ and η is mostly determined by the light wavelength and the thickness of the silicon oxide layer of the substrate [22] ). In general, spin orbit torque can be decomposed into two components, i.e. the damping-like and the field-like components [5, 8, 9, 23] . When current is passed along +y and the initial magnetization is directed along +y, the effective field associated with the damping-like h DL and field-like h FL components of the torque points along ±z and ±x, respectively. Here we study the damping-like component which is known to predominantly originate from the spin transfer torque [24] when spin current is injected into the FM layer via the spin Hall effect of the HM layer. We thus use the polar geometry, as shown in Fig. 1 , to probe the out of plane component m z of the magnetization in response to current along y.
To convert the optical signal (η) to an effective field, we first study the magnetic field response of the magnetization as a function of an out of plane field H z . Using the relation noted in Eq. (11), the Kerr ellipticity is measured as a function of H z : the results are plotted in Fig. 2(a) . The change of η with H z is almost linear. We fit the data with a linear function to obtain a proportionality constant α which can be used to convert η to an effective field (see Eq. (13) shown below). α is listed in Table I for both samples (A and B) . Note that the offset in η is predominantly due to an intentional tilting of E IN polarization with the x axis (i.e. the PEM polarization plane). Without the tilting, the optical signal becomes distorted and hinders accurate measurements of η.
Next we study the effect of current on the magnetization. We apply a constant current i c to the sample for a certain duration τ to acquire η. The size of i c is varied stepwise to follow a sinusoidal function with frequency f (see Fig. 1(b) , upper panel), i.e. i c (t) = i 0 cos(2π f t). Since η is evaluated at each i c , we denote η as η(t) hereafter to explicitly show its time dependence through i c (t). This process of varying i c with frequency f , i.e. the second modulation (the first one is at the PEM), is repeated many times (typically 1000 times) to improve the signal to noise ratio. The experiment was conducted for various values of i 0 . We compute the equivalent current density j that passes through the HM layer with i 0 . To calculate j, the resistivity of each layer is assumed as the following. Ta: ∼ 200 µΩ cm, W :∼ 110 µΩ cm, Pt: ∼ 55 µΩ cm, and CoFeB: ∼ 160 µΩ cm (Ref. [25] ). During the measurements with current, a magnetic field directed along the y axis is applied (H y ∼ ± 50 mT) to avoid causing demagnetization and also to set the initial magnetic state of the wire.
A representative data of η(t) is shown in Fig. 2(b) . The time dependent Kerr ellipticity η(t) is fitted with a sum of sinusoidal functions with frequency f and 2 f , i.e.
In Eq. (12), η 1 f is the term that scales linearly with current and represents contribution from the spin orbit torque whereas η 2 f is proportional to the square of current and is likely related to Joule heating induced effects. η 0 is the background signal described above. ϕ 1 f and ϕ 2 f are the phase delay that will be discussed later. Contribution from each component (η 1 f and η 2 f ) is shown in the figure by the dashed lines. As evident, the 2 f component that scales with the square of j dominates the signal.
Using α listed in Table I , we convert η 1 f and η 2 f to effective fields using the following relation:
where h HE represents the size of Joule heating induced effects. Note that h HE is not a field that appears due to Joule heating; it is to characterize the effect so that we may compare its influence on the optical signal with that of current induced torques.
The effective fields h DL and h HE are shown in Fig. 3 as a function of j and j 2 , respectively, for both samples A and B. As evident, h DL linearly scales with j and changes its sign when the magnetization direction of the initial state is reversed. The sign of h DL is opposite for samples A and B, reflecting the opposite spin Hall angle of W and Pt. These features are consistent with the damping-like component of the current induced torque. The spin torque efficiency [26] of samples A and B can be obtained from h DL . Assuming a transparent interface, which provides the lower limit of the effective spin Hall angle, we use the following relation for the conversion [4] :
where M s and t are the saturation magnetization and thickness of the FM layer, respectively, is the reduced Planck constant and e is the electric charge. ξ and M s for samples A and B are summarized in Table I . For comparison, we have also measured the spin Hall magnetoresistance [27] [28] [29] [30] (SMR) of samples A and B using the Hall bars. These results are included in Table I . We find that both techniques, magneto-optical detection (ξ MOKE ) and SMR (ξ S MR ), return ξ that are comparable in magnitude. ξ is consistently smaller when the former method is used: the reason behind this is unclear and requires further investigation.
With regard to h HE , we find that it scales with j 2 and its sign is the same regardless of the initial state of the magnetization direction and the HM layer used (i.e. samples A and B possess the same sign for h HE ). These results indicate that h HE is related to current induced (Joule) heating. The difference in the size of h HE for samples A and B may partly be explained by the difference in the film resistance. As noted in Table I , the resistivity of the HM layer is nearly two times larger for sample B, giving rise to larger Joule heating (heating scales with the film resistance for a fixed current density; the geometry of the wire is the same for both samples). We note that, however, the absolute value of h HE depends on extrinsic factors, e.g. thermal contact between the sample and the sample stage, laser power and temperature of the environment. It is thus difficult to compare h HE between samples as these effects can vary. TABLE I. Spin torque efficiency ξ obtained from the optical method described here (ξ MOKE ) and the SMR (ξ S MR ), saturation magnetization M s (from Ref. [31] ), resistivity of HM ρ and conversion factor α that relates η to effective field. We have also varied the duration of current application τ to study the degree of heating on the optical signal and estimation of the spin orbit torque. The τ dependence of η 1 f and η 2 f are shown in Fig. 4(a) . Whereas η 1 f shows little change on τ, η 2 f significantly increases with increasing τ. We also plot the phase delay (ϕ 1 f and ϕ 2 f ) as function of τ in Fig. 4(b) . Non-zero phase delay for small τ indicates that the heating process does not saturate in one cycle (within τ). We find a large change in |ϕ 2 f | with increasing τ while changes in |ϕ 1 f | is small. These results indicate that the optical signal related to measurements of spin orbit torque (η 1 f ) is not significantly influenced by the degree of heating, i.e. by τ.
We next discuss the origin of h HE . The Joule heating induced Kerr signal change
from the results shown in Fig. 2(b) , red dashed line. We consider there are two possible sources of h HE : temperature dependent changes of the film thickness, including the silicon oxide layer of the substrate, and the oxide/film refractive index. Note that the Kerr signal observed here are enhanced due to optical interference effect that takes place within the oxide layer of the substrate [22] . Upon Joule heating, the each layer undergoes thermal expansion and changes its thickness. In addition, the refractive index of each layer changes due to the temperature change. We use the effective refractive index approach to estimate changes in the Kerr signal [32, 33] . With the thermal expansion coefficients of the silicon oxide [34] , we find (1/K): contribution from each layer is nearly the same. As the latter contribution is larger by orders of magnitude, we consider h HE is caused by Joule heating induced changes of the refractive index of the oxide/film. For a current density of ∼ 10 10 A/m 2 , we estimate it will require the temperature to change by ∼ 4 K to observe the changes in η 2 f η 0 found here. Finally, it has been reported recently that spin accumulation due to the spin Hall effect in non-magnetic metals can be detected using magneto-optics [16] [17] [18] [19] . To reduce spurious optical signal from Joule heating, the current density passed along the film has to be reduced to ∼ 10 7 A/m 2 or smaller. As a consequence, the signal resolution has to be better than 10 −8 rad [18] . Using the optical detection scheme developed here, we consider it is possible to separate optical signals due to spin accumulation and the Joule heating effect, allowing larger current to be passed to the film. Assuming that the optical signal due to spin accumulation scales with the current density, one estimates Kerr signal of 10 −5 rad at the current density used here (∼ 10 10 A/m 2 ). Since the Kerr resolution of the setup here is ∼ 10 −6 rad (see Fig. 2(b) ), we consider it is possible to detect the signal due to spin accumulation.
In summary, we have studied using magneto-optics current induced spin orbit torque in HM/FM bilayers (HM=Pt, W, FM=CoFeB). Using a double modulation technique, optical signals arising from the magnetic system are separated from those due to current induced (Joule) heating. Although we find significant contribution from Joule heating on the optical signal at current density of ∼ 1×10 10 A/m 2 , the spin torque efficiency vary little with the current density. The obtained spin torque efficiency agrees with that estimated using spin transport measurements of the same sample. We find that the Joule heating induced optical signal originates from changes in the temperature dependent refractive index of the film/silicon oxide layer. As the detection scheme developed here can separate magnetic and heating related optical signals, we consider this technique can be applied to study spin accumulation in metals and interfaces. [2] V. M. Edelstein, Solid State Commun. 73, 233 (1990).
